We investigate the spatial properties of the large scale structure (LSS) of the Universe in the framework of coupled dark energy (cDE) cosmologies. Using the public halo catalogues from the CoDECS simulations -the largest set of N-body experiments to date for such cosmological scenarios -we estimate the clustering and bias functions of cold dark matter (CDM) haloes, both in real-and redshift-space. Moreover, we investigate the effects of the dark energy (DE) coupling on the geometric and dynamic redshift-space distortions, quantifying the difference with respect to the concordance ΛCDM model. At z ∼ 0, the spatial properties of CDM haloes in cDE models appear very similar to the ΛCDM case, even if the cDE models are normalized at last scattering in order to be consistent with the latest Cosmic Microwave Background (CMB) data. At higher redshifts, we find that the DE coupling produces a significant scale-dependent suppression of the halo clustering and bias function. This effect, that strongly depends on the coupling strength, is not degenerate with σ 8 at scales r 5 − 10 h −1 Mpc . Moreover, we find that the coupled DE strongly affects both the linear distortion parameter, β, and the pairwise peculiar velocity dispersion, σ 12 . Although the models considered in this work are found to be all in agreement with presently available observational data, the next generation of galaxy surveys will be able to put strong constraints on the level of coupling between DE and CDM exploiting the shape of redshift-space clustering anisotropies.
INTRODUCTION
The concordance ΛCDM cosmological model has strongly improved its reputation over the last two decades thanks to the overall agreement between its predictions and the ever increasing wealth of available observational data (see e.g. Riess et al. 1998; Perlmutter et al. 1999; Percival et al. 2001; Spergel et al. 2003; Komatsu et al. 2009; Crocce et al. 2011; Carnero et al. 2011) . However, some possible tensions between the predictions of the ΛCDM scenario and astrophysical observations at small scales have also been claimed, like the abundance of satellite galaxies in CDM haloes, the low baryon fraction in galaxy clusters and the 'cusp-core' problem for the halo density profiles (see e.g. Allen et al. 2004; LaRoque et al. 2006; Vikhlinin et al. 2006; Simon et al. 2003; Binney & Evans 2001; Newman et al. 2009 ). It is still unclear whether such discrepancies might be due to an incorrect description of the baryonic phenomena at work, or if they are directly connected to the underlying cosmological scenario. In any case, it is interesting to investigate how the standard ΛCDM model could be modified in order to better match the above-mentioned observations. Furthermore, the fundamental nature of CDM particles and of the DE component -that together constitute more than 95% of the total energy of the Universe -is still unknown, which represents one of the central problems of modern cosmology. From an observational point of view, the existence of a stress-energy component with negative pressure, responsible for the accelerated expansion of the Universe, can be directly deduced from supernova measurements (see e.g. Riess et al. 1998; Perlmutter et al. 1999; Schmidt et al. 1998; Kowalski et al. 2008) , or by jointly combining the CMB power spectrum and low redshift observations, like measurements of the Hubble constant, of the galaxy power spectrum and of cluster counts. More recently, by combining the CMB lensing deflection power spectrum from the Atacama Cosmology Telescope with temperature and polarization power spectra from the Wilkinson Microwave Anisotropy Probe, it has been possible to break the geometric degeneracy and constrain the dark energy density using measurements of the CMB radiation alone (Sherwin et al. 2011) .
Several theoretical efforts have been made in order to find a satisfactory explanation for the cosmic acceleration. Different DE models have been proposed in the literature, ranging from simple scenarios with a constant equation of state to models considering interactions between DE and other cosmic fluids, as e.g. CDM (see e.g. Wetterich 1995; Amendola 2000) or massive neutrinos (Amendola et al. 2008) . Indeed, if the accelerated expansion is driven by a scalar field, there is no fundamental reason why DE and CDM should not interact with each other. Interestingly, it has been shown that such a direct coupling could help in alleviating some of the small-scale problems of the ΛCDM cosmology (see e.g. Baldi et al. 2010; Baldi & Pettorino 2011; Lee & Baldi 2011) .
In the present paper, we investigate the spatial properties of LSS predicted by interacting DE cosmological models. In particular, this work is focused on the clustering and bias properties of CDM haloes and on their redshift-space clustering distortions (RSD) caused by the line-of-sight component of galaxy peculiar velocities. The latest galaxy surveys that have enabled measurements of RSD are the 2-degree Field Galaxy Redshift Survey (Peacock et al. 2001; Hawkins et al. 2003; Percival et al. 2004) , the Sloan Digital Sky Survey (Tegmark et al. 2004; Zehavi et al. 2005; Tegmark et al. 2006; Okumura et al. 2008; Cabré & Gaztañaga 2009a,b) and the VIMOS-VLT Deep Survey (Guzzo et al. 2008) .
RSD can be used to probe gravity theories, as they are directly related to the growth rate of LSS (Linder 2008) . Moreover, they can also be used in several other contexts, e.g. to robustly constrain the value of the total mass of cosmological neutrinos or to investigate the dynamical properties of the warm-hot intergalactic medium (Ursino et al. 2011) . Since the interaction between DE and CDM strongly affects the formation and evolution of LSS, a significant effect on RSD is also expected. To properly describe all the non-linear effects at work, we use a series of stateof-the-art N-body simulations for a wide range of different cDE scenarios -the CoDECS simulations (Baldi 2011c) -and discuss the impact that DE interactions can have on LSS with respect to the ΛCDM case. Both on-going and next generation galaxy surveys, such as VIPERS (Guzzo et al. 2011 in preparation) , BigBOSS (Schlegel et al. 2009 ) and Euclid (Laureijs 2009; Refregier et al. 2010) , will greatly improve the precision in RSD measurements over an even grater redshift range, up to z = 2, allowing for direct constraints on the underlying cosmological model and on the gravity theory.
The structure of the paper is as follows. In section §2 we describe the cDE models analyzed in this work, while in section §3 we introduce the exploited set of N-body experiments used to simulate the LSS in these cosmological frameworks. In section §4 we analyze the CDM halo clustering and bias functions and the redshiftspace clustering distortions. Finally, in section §5 we draw our conclusions.
THE COUPLED DARK ENERGY MODELS
Interacting DE scenarios have been introduced as a possible alternative to the standard ΛCDM cosmology (Wetterich 1995; Amendola 2000) with the aim of addressing the fine-tuning problems that characterize the cosmological constant. These alternative cosmologies include models where a DE scalar field φ interacts with other cosmic fluids by exchanging energy-momentum during the evolution of the universe. Several possible forms of DE interaction have been proposed in the literature, including e.g. models of coupling to the CDM fluid (as e.g. Amendola 2000 Amendola , 2004 Koyama et al. 2009; Honorez et al. 2010; Baldi 2011d) or to massive neutrinos (Amendola et al. 2008) . In the present work, we will focus on the former class, considering a DE-CDM interaction defined by the following set of background dynamic equations:
where an overdot represents a derivative with respect to the cosmic time t, H ≡ȧ/a is the Hubble function, V (φ) is the scalar field selfinteraction potential, M Pl ≡ 1/ √ 8πG is the reduced Planck Mass, and the subscripts b , c , r indicate baryons, CDM, and radiation, respectively. The strength of the interaction between the DE scalar field and CDM particles is defined by the coupling function η c (φ), while the shape of the potential V (φ) dictates the dynamical evolution of the DE field that in turn determines a time evolution of the CDM particle mass:
as one can obtain from Eq. (2).
In this work, we will consider the set of coupled DE scenarios defined in Baldi (2011c) , which includes two possible choices for the coupling function -namely a constant coupling η c = η 0 and an exponential coupling η c (φ) = η 0 exp [η 1 φ]-and two possible forms of the scalar potential, namely an exponential potential (Lucchin & Matarrese 1985; Wetterich 1988) :
and a SUGRA potential (Brax & Martin 1999) :
where for simplicity the field φ has been expressed in units of the reduced Planck mass in Eqs. (7, 8) . The parameters of the models investigated in the present work are summarized in Table 1. At the linear perturbations level, the time evolution of density fluctuations in the coupled CDM fluid and in the uncoupled baryonic component (δ c,b ≡ δρ c,b /ρ c,b , respectively) obeys the following system of equations:
where for simplicity the field dependence of the coupling function η c (φ) has been omitted. In Eq. (9), the factor Γ c ≡ 1 + 4η 2 c (φ)/3 encodes the effect of the additional fifth-force mediated by the DE scalar field φ for CDM perturbations. Additionally, the second term in the first square bracket at the right-hand-side of Eq. (9) represents an extra-friction term on CDM fluctuations arising as a consequence of momentum conservation (see e.g. Amendola 2004; Pettorino & Baccigalupi 2008; Baldi et al. 2010; Baldi 2011a, for 
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Potential (1-5,9,10) and for a detailed discussion of the extra-friction and fifth-force corrections to the evolution of linear perturbations). The background and linear perturbations evolution of all the cosmologies considered in this work have been discussed in full detail in Baldi (2011b) and Baldi (2011c) , to which we refer the interested reader for a more thorough description of the models. In particular, the EXP008e3 model -based on an exponential potential and on an exponential coupling function -features a steep growth of the interaction strength at low redshifts and has been shown to significantly enhance the pairwise infall velocity of colliding galaxy clusters similar to the "Bullet Cluster" (Lee & Baldi 2011) . On the other hand, the SUGRA003 model based on a SUGRA potential and on a negative constant coupling is an example of the recently proposed "Bouncing" cDE scenario (Baldi 2011b) , which is characterized by an inversion of the scalar field direction of motion at relatively recent epochs (z inv ≈ 6.8 for the specific model under investigation), giving rise to a "bounce" of the DE equation of state parameter w φ on the cosmological constant barrier w φ = −1. As a consequence of such inversion, the quantity η cφ that appears both in Eqs. (6) and (9) changes sign in correspondence to the bounce such that the CDM particle mass decreases before the bounce and increases again afterwards, while the extra-friction term changes from a drag to a proper friction at z inv . Such peculiar dynamical behaviour has been shown to provide a possible explanation (Baldi 2011b) to the recent detections of massive clusters of galaxies at high redshifts (Jee et al. 2009; Rosati et al. 2009 ), although the statistical significance of such detections as a challenge to the standard ΛCDM scenario is presently not yet conclusive (see e.g. Mortonson et al. 2011; Waizmann et al. 2011) .
THE N-BODY SIMULATIONS
For our investigation we rely on the public halo catalogues of the CoDECS simulations (Baldi 2011c) , the largest N-body simulations for cDE cosmologies to date, that include all the models described in Table 1 . In particular, we make use of the L-CoDECS suite which consists of large scale, collisionless N-body runs following the evolution of 1024 3 CDM particles and 1024 3 baryonic particles in a cosmological box of 1 comoving Gpc/h on a side. The simulations have been carried out with the modified version by Baldi et al. (2010) of the widely used parallel Tree-PM Nbody code GADGET (Springel 2005) , and have a mass resolution of m c (z = 0) = 5.84 × 10 10 M ⊙ /h and m b = 1.17 × 10 10 M ⊙ /h for CDM and baryons, respectively, and a force resolution of ε g = 20 kpc/h.
The initial conditions for all the different cosmologies were generated by perturbing a homogeneous "glass" distribution (White 1994; Baugh et al. 1995 ) based on the same linear power spectrum at z CMB , and then rescaling the resulting displacements to the starting redshift of the simulations, z i = 99, with the specific growth factor D + (z) of each model computed by numerically solving Eqs. (9,10). This procedure ensures that all the models are consistent with the same normalization of density perturbations at the last scattering surface, which has been assumed to correspond to the "WMAP7 Only Maximum Likelihood" constraints of Komatsu et al. (2011) . The cosmological parameters at z = 0 assumed for all the models included in the CoDECS project are
The halo catalogues have been obtained by identifying groups of particles by means of a Friends-of-Friends (FoF, Davis et al. 1985) algorithm with linking length λ = 0.2 ×d, whered is the mean interparticle separation. The FoF algorithm was run over the CDM particles as primary tracers of the matter distribution, and then baryonic particles have been attached to the FoF group of their closest CDM neighbour. In order to identify CDM substructures we have used the SUBFIND algorithm described in Springel et al. (2001) . All the results presented in this paper have been obtained using mass-selected sub-halo catalogues, composed by the gravitationally bound substructures that SUBFIND identifies in each FoF halo. For all the simulations, we have restricted our analysis in the mass range M min < M < M max , where M min = 2.5 · 10 12 M ⊙ /h and M max = 3.6 · 10 15 , 1.1 · 10 15 , 4.9 · 10 14 , 2.6 · 10 14 , 1.8 · 10 14 M ⊙ /h at z = 0, 0.55, 1, 1.6, 2, respectively. For the analysis presented in this paper, we have used one realisation of each model. To investigate how reliable our results are, we have divided each simulation box in 27 independent sub-boxes and estimated the uncertainties in our predictions from the scatter between them. At the scales considered, we found a very good agreement between the errors estimated in this way and the theoretical ones, both for the correlation function and for the bias.
LSS IN CDE MODELS
In this section we show how the halo clustering, the bias function and the redshift-space distortion parameters β and σ 12 get modified, with respect to the standard ΛCDM case, when CDM and DE can interact with each other.
The DM halo clustering in real space
In cDE scenarios the formation and evolution of cosmic structures can differ significantly with respect to the ΛCDM case. To analyze the spatial properties of LSS as a function of the DE coupling, we measure the CDM halo two-point correlation function, ξ(r), de- Mo et al. (1992) . Lower panels: percentage difference between cDE and ΛCDM predictions, ∆ξ cDE = 100 · (ξ cDE − ξ ΛCDM )/ξ ΛCDM . At z = 0, the spatial properties of CDM haloes in cDE models are very similar to the ΛCDM case. However, at higher redshifts the DE coupling produces a significant scale-dependent suppression in the halo clustering.
fined as:
where dP is the probability of finding a halo pair with one of them in the volume dV 1 and the other in the volume dV 2 , separated by a comoving distance r. To measure the function ξ(r), we use the standard Landy & Szalay (1993) estimator:
where HH(r), HR(r) and RR(r) are the fraction of halo-halo, halorandom and random-random pairs, with spatial separation in the range [r − dr/2, r + dr/2]. The random samples are three times larger than the halo ones. A computationally efficient linked-list algorithm has been used to count the number of pairs in the halo and random catalogues. Fig. 1 shows the real-space two-point correlation function of CDM haloes for all the models of the CoDECS project. The black error bars represent the statistical noise as prescribed by Mo et al. (1992) . The lower panels show the percentage difference between cDE and ΛCDM predictions, ∆ξ cDE = 100 · (ξ cDE − ξ ΛCDM )/ξ ΛCDM . The z = 0 spatial properties of CDM haloes in cDE models are very similar to the ΛCDM case. The EXP003 model shows the largest deviations that are in any case quite small, between ∼ 2% and ∼ 6% for comoving separation < 50 h −1 Mpc . The situation is different at higher redshifts, where the DE coupling produces a significant scale-dependent suppression in the halo clustering. This effect strongly depends on the coupling strength and on the redshift. At small scales, the deviations with respect to the ΛCDM predictions rise to ∼ 20% at z = 1 and ∼ 35% at z = 2 for the extreme EXP003 model. The EXP008e3 and SUGRA003 models predict a different redshift evolution in the clustering function with respect to the models with a constant coupling. Therefore, measuring the redshift evolution of ξ(r) can help to disentangle different interacting DE cosmologies.
The CDM halo biasing function
The clustering suppression predicted by cDE models in massselected halo samples can be better understood by looking at the large-scale halo bias. Fig. 2 shows the mean apparent effective bias of CDM haloes defined as follows:
where ξ halo,cDE is the cDE halo clustering and ξ DM,ΛCDM(σ 8 ) is the ΛCDM DM clustering normalized to the σ 8 values of the CoDECS models. ξ DM,ΛCDM(σ 8 ) has been obtained by Fourier trasforming the non-linear power spectrum extracted from CAMB (Lewis & Bridle 2002) , which exploits the HALOFIT routine (Smith et al. 2003) . The bias is averaged in the range 10h −1 Mpc < r <50h −1 Mpc . The error bars represent the propagated statistical noise as prescribed by Mo et al. (1992) . By definition, < b(z) > represents the apparent bias that would be derived in a cDE universe if a ΛCDM model was erroneously assumed to predict the DM clustering. Dashed and dotted black lines in Fig. 2 show the theoretical ΛCDM effective bias of Sheth et al. (2001) and Tinker et al. (2010) , respectively, normalized to the values of σ 8 of the CoDECS models and weighted with the halo mass function, n(M, z):
where M min and M max have been defined in section §3. The grey shaded bands show a 10% error, that approximately represents the uncertainty in the theoretical bias predictions presented in the literature.
The effect of DE coupling on the CDM halo large-scale bias appears totally degenerate with σ 8 for all the cosmological models considered (see also Clemson et al. 2011 , for a general discussion of degeneracies in cDE models). As already seen in Fig. 1 , the halo clustering properties at small scales can help in removing this degeneracy. This can be better appreciated in Fig. 3 that shows CDM halo bias as a function of scale. The lower panels show the percentage difference between cDE and ΛCDM predictions, ∆b cDE = 100·(b cDE −b ΛCDM )/b ΛCDM . Dashed and dotted lines refer to the theoretical ΛCDM predictions of Sheth et al. (2001) and Tinker et al. (2010) , respectively, normalized to the values of σ 8 of the CoDECS models. It is clear that the scale-dependent suppression of the halo bias at small separations, due to the DE coupling, breaks the σ 8 degeneracy. Indeed, at scales r 5 − 10 h −1 Mpc , both the models with a constant coupling and the EXP008e3 one are not well reproduced by a standard ΛCDM model after having rescaled the matter power spectrum to the z = 0 normalization of the cDE model. The SUGRA003 appears in better agreement with the ΛCDM predictions at z 1, while at z 2 the halo bias of this model is not degenerate with σ 8 at all scales, although the effect is quite small (∼ 3% at z = 2).
Redshift-space clustering distortions

Clustering shape in redshift-space
The redshift of a galaxy does not correspond to a unique distance from the observer, as the line-of-sight component of a galaxy's peculiar velocity creates an additional Doppler shift. When the distances are computed without correcting for this peculiar velocity contribution, we say to be in redshift-space and we refer to the redshift-space spatial coordinates using the vector s (while r indicates real-space coordinates). A redshift-space galaxy map is distorted with respect to the real one. RSD provide crucial constraints on the build-up of LSS. On small scales ( 1 h −1 Mpc ) the distortion is mainly caused by the random orbital motions of galaxies moving inside virialised structures, i.e. the well-known fingers of God effect (Jackson 1972 ). On larger distance scales, the coherent bulk motion of virialising structures leads to an apparent excess in the clustering strength perpendicularly to the line-of-sight.
Since both comoving coordinates and peculiar velocities are known in an N-body simulation, we can investigate the spatial properties of LSS both in real-and redshift-space. To obtain redshift-space halo maps, we locate a virtual observer at z = 0 and put each simulation box at a comoving distance corresponding to its output redshifts. The redshift-space distance of each CDM halo is obtained through the following equation:
where H(z ′ obs ) is the Hubble rate, c is the speed of light and the observed redshift, z obs , is given by:
Here z c is the cosmological redshift, due to the Hubble flow, while the second term of Eq. (16) is caused by galaxy peculiar velocities (v is the component of the peculiar velocity parallel to the line-ofsight).
Whether the cosmological parameters assumed in Eq. (15) are not the true ones, or the Universe is not described by the ΛCDM equations, like in the cDE scenarios, a geometric kind of distortion is added to the dynamic distortion caused by peculiar velocities (Alcock & Paczynski 1979) . However, as we will see in Sec. 4.3.2, geometric distortions in cDE models are rather small relative to the dynamical ones and can therefore be neglected.
Such a simple method to derive redshift-space coordinates is not as accurate as a full past light-cone reconstruction (see e.g. Marulli et al. 2009 ), since it neglects the redshift evolution of halo properties inside each snapshot box. However, this method is accurate enough for the purpose of the present work. In a companion paper we aim to estimate the expected observational uncertainties in constraining cDE model parameters with next generation galaxy surveys, and for that specific goal realistic mock galaxy catalogues will be constructed.
To extract cosmological constraints from RSD it is convenient to decompose the distances into the two components perpendicular and parallel to the line-of-sight, r = (r ⊥ , r ). When measured in real-space, the contour lines of ξ(r ⊥ , r ) are circles, as the popula-tion of haloes/galaxies is isotropic when averaged on large scales. Instead, the redshift-space correlation function is distorted: at small scales, the fingers of God effect changes the shape of correlation in the direction parallel to the line-of-sight, while at large scales the bulk motion squashes the correlation perpendicularly to the line-ofsight. These effects can be clearly seen in Fig. 4 , where the contour lines of the two-point redshift-space correlation function of CDM haloes are shown. We also plot in the same panels the undistorted real-space correlation function (dotted grey lines) for comparison.
Modelling the dynamical redshift-space distortions
Assuming the plane-parallel approximation, the linear power spectrum of the matter density fluctuations, P(k), can be parameterized in redshift-space as follows:
where P lin (k) is the linear power spectrum in real-space, µ is the cosine of the angle between k and the line-of-sight and β is the linear distortion parameter. Fourier transforming equation (17) gives
where the functions P l are the Legendre polynomials (Hamilton 1992) , while the multipoles, ξ n (s), can be written as follows
Here ξ(r) is the real-space correlation function and the barred correlation functions are defined as
To include in the model also the small non-linear scales, we convolve it with the distribution function of random pairwise velocities, f (v) (but see e.g. Scoccimarro 2004; Matsubara 2004 ):
In this work, we adopt for f (v) the form
where σ 12 is the dispersion in the pairwise peculiar velocities.
To summarize, the model for the distorted correlation function in redshift-space (Eq. (24)) depends on the correlation function in real space, ξ(r), and on two free parameters: the linear distortion parameter, β, and the pairwise peculiar velocities dispersion, σ 12 . It can be demonstrated that β is well parameterized by the following equation:
where linear density growth factor, b is the linear CDM halo bias, and Ω m (z) is the matter density. The so-called gravitational growth index, γ, directly depends on the gravity theory, being γ ∼ 0.545 for GR gravity. As a consequence, observational constraints on the parameter β that can be obtained modelling the redshift-space correlation function ξ(s ⊥ , s ) directly translate to constraints on the gravity theory. Fig. 5 shows the ratio between redshift-and real-space correlation functions of the CDM haloes in all the CoDECS simulations. The error bars represent the statistical noise (Mo et al. 1992 ). The black lines show the theoretical ΛCDM prediction given by the large-scale limit of Eq. (18):
where
, and the effective bias b eff is given by Eq. (14). Dashed and dotted black lines refer to the theoretical ΛCDM predictions obtained using the effective bias of Sheth et al. (2001) and Tinker et al. (2010) , respectively, normalized to the values of σ 8 of the CoDECS models. The grey shaded area represents the propagated 10% theoretical bias error.
As expected, the measured and model ratios ξ(s)/ξ(r) agree quite well in the ΛCDM model. The cosmic evolution of LSS in cDE models has the effect of significantly suppressing this ratio. However, as for the large-scale clustering and biasing function, RSD appears to be strongly degenerate with σ 8 at the scales and redshifts considered. Indeed, the mean ratio ξ(s)/ξ(r) of CDM haloes in the cDE simulation can be reproduced quite well by the expected ΛCDM prediction rescaled at the σ 8 value of the cDE model. Only the SUGRA003 model appears not totally degenerate with σ 8 at z = 0.5, but the effect is quite small.
To extract the cosmological information from RSD both at small and large scales, we use Eq. (24) to model the redshift-space correlation function ξ(s ⊥ , s ) , where the real-space ξ(r) has been (27)) using the effective bias functions computed according to the relations of Sheth et al. (2001) and Tinker et al. (2010) , respectively, normalized to the values of σ 8 of the CoDECS models. The error bars represent the statistical noise (Mo et al. 1992) . The DE coupling strongly affects the redshiftspace clustering distortions. However such effect is strongly degenerate with σ 8 for the redshift considered. Only the SUGRA003 model appears not totally degenerate with σ 8 at z = 0.5, but the effect is small. measured using directly the comoving CDM halo model coordinates. The best-fit parameters, β and σ 12 , obtained with a standard χ 2 minimization procedure are shown in the upper panels of Fig. 6 , as a function of redshift. The errors on the best-fit parameter predictions have been estimated dividing the simulation box in 27 subboxes, measuring β and σ 12 in each of them and rescaling their scatter by the square root of the total volume of the simulation box (see e.g. Marulli et al. 2011) . The strong effect of cDE on both these parameters can be appreciated in the lower panels that show the percentage difference between cDE and ΛCDM predictions. Both in the models with a constant coupling and in the EXP008e3 one, β and σ 12 are higher with respect to the ΛCDM case. This effect depends significantly on the coupling strenght and for the most extreme models considered raises to the level of ∼ 20% for β and ∼ 40% for σ 12 . Viceversa, the SUGRA003 model predicts a suppression of ∼ 10% both in β and in σ 12 at z ∼ 0.5 − 1, while at higher redshifts the differences with respect to the ΛCDM model decrease.
This result suggests that using an independent constraint on σ 8 , that for instance can be obtained from the clustering and bias function at small scales (see Sec. 4.1 and 4.2), the next generation of galaxy surveys will be able to put strong constraints on the coupling between DE and CDM exploiting the shape of redshift-space clustering anisotropies.
Geometric distortions
In cDE scenarios, the relation between redshift and comoving distance is different from the one in the ΛCDM case. This means that if the ΛCDM equations are used to obtain galaxy maps from red- shift measurements in a Universe where DE and CDM interact, the correlation function appears distorted. To investigate the effect of such geometric distortions, also called Alcock-Paczynski distortions (Alcock & Paczynski 1979) , we have repeated all the measurements described in the previous sections assuming the ΛCDM Hubble parameter H(z) in Eq. (15) to measure redshift-space distances also in the cDE simulations. Fig. 7 shows the percentage error on the best-fit parameters introduced in this way. In the three models with a constant coupling (EXP001, EXP002 and EXP003) these distortions slightly increase as a function of redshift, but only up to the level of ∼ 1% for β and ∼ 2% for σ 12 at z = 2, for the extreme EXP003 model. So, as expected, these distortions are quite small compared to the dynamical ones. Also in the EXP008e3 models the geometric distortions appear clearly negligible with respect to the dynamical distortions. Only the SUGRA003 model shows large geometric distortions, at a level of ∼ 5% for β and ∼ 10% for σ 12 , comparable to the level of dynamical distortions. This suggests that geometric and dynamic distortions on the redshift-space clustering of galaxies might be strongly degenerate for the "Bouncing" cDE scenario, and independent measurements as e.g. the redshift evolution of the halo mass function should be used to break the degeneracy.
CONCLUSIONS
In the present paper we have investigated the impact of a possible interaction between DE and CDM on the clustering and redshiftspace distortions of CDM haloes, also in view of the large wealth of high-quality data expected from the next generation of large galaxy surveys.
In cDE scenarios, in fact, the formation and evolution of LSS can be significantly different with respect to the ΛCDM case. The interaction induces a time evolution of the mass of CDM particles as well as a modification of the growth of structures determined by the combined effect of a long-range fifth-force mediated by the DE scalar degree of freedom and of an extra-friction arising as a consequence of momentum conservation. The combination of these effects can significantly alter the evolution of linear and nonlinear density perturbations as compared to the standard ΛCDM scenario, and provide a direct way to test this class of cosmological models. In particular, the clustering properties of CDM haloes from linear to highly nonlinear scales might show specific signatures allowing to distinguish a cDE universe from ΛCDM. In order to investigate the spatial properties of LSS in these cosmological scenarios it is therefore necessary to rely on a fully nonlinear treatment of structure formation in the context of cDE models. To this end, we made use of the public halo catalogues extracted from the largest set of N-body experiments to date for such cosmologies, the CoDECS simulations. From such catalogues, we measured the clustering and bias properties of CDM haloes both in real-and redshift-space, as a function of the DE coupling and redshift. Moreover, we investigated the effects of the DE coupling on the geometric and dynamic redshift-space distortions, quantifying the difference with respect to the concordance ΛCDM model. We compared numerical predictions with theoretical expectations finding a good agreement in ΛCDM, as expected, and a strong degeneracy between the DE coupling and the matter power spectrum normalization, σ 8 .
In particular, at z ∼ 0 the spatial properties of CDM haloes in cDE models appear very similar to the ΛCDM case, even if the CoDECS simulations are normalized to be consistent with the latest CMB data at last scattering. At higher redshifts instead, we find that the DE coupling produces a significant scale-dependent suppression in the halo clustering and bias function. Furthermore, the DE coupling strongly affects the redshift-space clustering distortions. We quantified this effect by modelling RSD in terms of the redshift-space correlation function and the distribution function of random pairwise velocities and deriving the linear distortion parameter, β, and the pairwise peculiar velocity dispersion, σ 12 , for all the CoDECS models. We find that for cDE models characterized by an exponential self-interaction potential, both a constant coupling and an exponentially growing coupling determine higher values of β and σ 12 with respect to the ΛCDM case. On the contrary, Bouncing cDE models based on a SUGRA self-interaction potential predict a suppression of β and σ 12 at z ∼ 0.5 − 1, while at higher redshifts the differences with respect to the ΛCDM model decrease.
We also analyzed the geometric distortions induced by the DE coupling, finding that these are always negligible with respect to dynamical ones for all the exponential potential models, while they might have a comparable effect as the latter for the Bouncing cDE scenario.
Overall, we found a strong degeneracy of the DE coupling phenomenology with the amplitude of linear density perturbations defined by σ 8 : the clustering, the bias function and the RSD in cDE scenarios can be well reproduced by a standard ΛCDM model after having rescaled the matter power spectrum to the σ 8 normalization of each cDE model, for scales larger than ∼ 5 − 10 h −1 Mpc . However, we also find that the σ 8 degeneracy is broken at smaller scales. Our results therefore suggest that it is possible to put strong constraints on the coupling between DE and CDM exploiting the shape of redshift-space clustering anisotropies and comparing the clustering and bias functions at small and large scales.
To conclude, we performed an extended analysis of the impact of an interaction between DE and CDM on the clustering and redshift-space distortions properties of CDM haloes, using stateof-the-art N-body simulations for these cosmologies. Although the effect of the coupling is highly degenerate with σ 8 at large scales, at smaller scales the degeneracy is broken, offering the chance that the next generation of wide and high-precision measurements of the galaxy distribution in real-and redshift-space might be able to tightly constrain or possibly detect a new interaction in the dark sector.
